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Abstract. We used Magnetic Resonance microimaging (μMRI) to study the compressive behaviour 
of synthetic elastin. Compression-induced changes in the elastin sample were quantified using 
longitudinal and transverse spin relaxation rates (R1 and R2, respectively). Spatially-resolved maps of 
each spin relaxation rate were obtained, allowing the heterogeneous texture of the sample to be 
observed with and without compression. Compression resulted in an increase of both the mean R1 and 
the mean R2, but most of this increase was due to sub-locations that exhibited relatively low R1 and R2 
in the uncompressed state. This behaviour can be described by differential compression, where local 
domains in the hydrogel with a relatively low biopolymer content compress more than those with a 
relatively high biopolymer content.  
Introduction 
Elastin is a structural protein that comprises covalently bound, cross-linked, elastic, hydrated 
networks. It is built mainly from molecules of tropoelastin, a water-soluble 60-70 kDa protein. 
Elastin is a major component of elastic tissues, including skin, lung and artery [1]. Elastin plays an 
essential role in the biomechanics of these tissues, particularly in determining their elasticity and 
persistent resilience.  
In this work we used Magnetic Resonance microimaging (μMRI) to explore the macromolecular 
basis of the biomechanics of synthetic elastin. This was done by measuring the spatially resolved 
maps of longitudinal and transverse spin relaxation rates (R1 and R2, respectively) in compressed and 
uncompressed hydrated elastin. Given that water is essential to the elasticity of this hydrogel, we 
examined the spin relaxation rates of water protons (1H). These spin relaxation rates are sensitive to 
the molecular dynamics of water and the local composition of the sample; therefore, they can be used 
to interrogate the microstructure of the sample and the interaction between hydration water and the 
biopolymer [2]. We used compression-induced changes in the spin relaxation rates to infer a model of 
the tissue deformation under compression. We propose a model of differential compression, in which 
those microscopic domains with a relatively high biopolymer content undergo a lower degree of 
compression than domains with a relatively low biopolymer content. We discuss these findings and 
propose a methodology for investigating the implications of mechanical compression on the local 
mobility of the cross-linked biopolymer chains.  
 
 Materials and Methods  
Recombinant human tropoelastin was produced by 
bacterial expression. It was assembled into cross-linked 
elastin as described previously [1]. A representative 
photograph of artificial elastin is shown in Fig. 1. The 
elastin sample used in this study was a square patch with 
area ~ 1 cm × 1 cm and ~3 mm thick.  
Magnetic Resonance microimaging (μMRI) was 
performed on a Bruker Avance MR spectrometer with a 7 
T vertical-bore magnet. The system was equipped with a 
1.1 T/m triple-axis gradient set and a Micro2.5 
microimaging probe. The radiofrequency (RF) coil used 
was a 15 mm birdcage 1H resonator (Bruker, Germany) 
[3]. The elastin sample was placed in Phosphate-Buffered 
Saline (PBS) inside a 15 mm Wilmad NMR tube. Teflon 
plugs were placed above and below the sample; the two 
plugs served the dual purpose of preventing the sample from moving during the imaging and 
restricting the PBS volume around the sample in order to maximise the signal-to-noise ratio. The 
sample was oriented perpendicular to the static magnetic field (B0).  
Four spatially-resolved spin-relaxation rate maps were acquired: R1 and R2 maps for the 
uncompressed sample and two equivalent maps for the same sample under ~37% compression. 
Compression was achieved using multiple, stacked Teflon plugs that were secured to the rim of the 
tube with tape to prevent movement. Multiple-slice multiple-echo (MSME) imaging pulse sequence 
was used for acquiring both types of maps. R1 maps were acquired by varying the recovery time (TR) 
between successive scans. R2 maps were acquired by varying the echo time (TE). The respective 
relaxation rates were determined for each imaging voxel using a three-parameter exponential fit. In 
each measurement, the thickness of the imaging slice was 1 mm and the in-plane resolution ~55 μm × 
70 μm. R1 and R2 analysis was carried out for regions-of-interest (ROIs) containing only voxels 
Figure 1. A representative sample of 
artificial elastin (reproduced from 
[1]).  
Figure 2. Sample MSME images are regions of interest: (a) an axial T2-weighed image used for 
the construction of R2 maps; (b) a vertical T2- and T1-weighed image used for the construction of R1 
maps; (c) a ROI used for R2 maps is shown in green; (d) a ROI used for R1 maps.  
 located fully within the elastin sample; any voxels containing PBS or in close proximity to PBS were 
excluded from the ROIs. Sample ROIs are shown in Fig. 2.  
Results  
Relaxation-weighted images. Representative raw μMRI images of elastin are shown in Fig. 2. The 
images used for the construction of R2 maps were T2-weighted (long TR, varied TE). The images used 
for the construction of R1 maps were both T1- and T2-weighted (varied TR, intermediate TE). Both 
types of images exhibited a sponge-like texture where typical “sponge holes” were ~0.5 – 1 mm 
across. This texture is consistent with the coascervation and maturation processes involved in the 
synthesis of elastin networks from tropoelastin molecules [1,4]. The “sponge holes” that appear dark 
in T2-weighted images exhibit relatively large R2 values; therefore, they can be attributed to those 
regions with a relatively high concentration of the biopolymer. Conversely, the hyperintense (in 
T2-weighted images) regions surrounding the dark “sponge holes” correspond to part of the elastin 
network that has a relatively low biopolymer content.  
Spin-relaxation maps of uncompressed sample. The R1 and R2 maps exhibited a sponge-like 
structure that was observed in raw relaxation-weighted images. The average relaxation rates observed 
in the ROI voxels were: R1 = 0.6 ± 0.2 s−1, R2 = 12 ± 3 s−1. In order to analyse the relationship between 
the observed R1, R2 values and the microstructure of the sample, histograms of the relaxation rates 
were constructed for the ROIs selected. The histograms are shown in Fig. 3. Both histograms 
exhibited a long “tail” extending into the high relaxation rate values. This effect was particularly 
obvious in the R2 histogram.  
Effects of compression. MR images of the compressed elastin sample exhibited a less 
pronounced sponge-like texture than those of the uncompressed sample. Both the mean relaxation 
rates within the ROI were higher than in the uncompressed sample: R1 = 0.8 ± 0.2 s−1, R2 = 16 ± 3 s−1. 
The R1 and R2 histograms for the compressed sample are shown in Fig. 3. Compression resulted in a 
significant attenuation of the high-R2 tail in the R2 histogram; this was substantially more symmetric 
than the equivalent “uncompressed” histogram. On the other hand, compression-induced changes in 
Figure 3. Histograms of spin relaxation rates: (a) R2, uncompressed sample; (b) R1, uncompressed 
sample; (c) R2, compressed sample; (d) R1, compressed sample. The histograms include only 
voxels from the respective ROIs; therefore, they reflect the distribution of spin relaxation rates 
only within the elastin sample but not in the PBS solution surrounding the sample.  
 the R1 histogram were apparent mostly in the low-R1 region while the high-R1 tail was almost 
unaffected: compression resulted in the appearance of an asymmetric low-R1 wing in this histogram.  
Discussion  
MR properties of water in hydrated biomaterials and tissues can be approximated by the model 
involving dynamic equilibrium between two distinct pools, “free” and “bound” water [5,6]. Water in 
the free pool has molecular hydrodynamic properties similar to those of bulk water and possesses a 
rotational correlation time ~10 ps. Bound water is hydrogen-bonded to biomacromolecules and 
possesses a slower rotational correlation time than the free water. Equilibrium between the two pools 
is established by means of rapid (sub-millisecond time scale) chemical exchange:  
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where ⋅⋅⋅ denotes hydrogen bonding. The fraction of time spent by the water molecules in the free and 
bound states is pF and pB = 1 – pF, respectively. Equilibrium requires that pB/pF = k+/k−, and usually pB 
<< pF. In the limit of extremely fast exchange, a single longitudinal relaxation rate (R1) is observed 
for water protons; this rate equals the weighted average of the two pools:  
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where R1F and R1B are the intrinsic longitudinal 1H relaxation rates in the free and bound pool, 
respectively. Also a single transverse relaxation rate (R2) is observed; R2 contains a 
chemical-exchange contribution [7]:  
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where Δω is the cyclic precession frequency difference between the two pools and 1/τex = k+ + k−.  
Molecular dynamics simulations show that water exchange and interaction between water and 
protein chains are crucial to elastin’s elasticity [8]. The two-site exchange model shows that the 
water-proton spin relaxation rates are determined by several factors. First of all, both spin relaxation 
rates are dependent upon the biopolymer content in the sample, which determines the fraction of 
bound water (pB). Second, both spin relaxation rates are dependent upon the rotational correlation 
times of free water (τcF) and bound water (τcB) because these quantities determine the intrinsic spin 
relaxation rates of the individual pools: R1F, R1B, R2F and R2B [9]. The spin relaxation rates of bound 
water (which is significantly less mobile) normally significantly exceed those of free water: R1B >> 
R1F, R2B >> R2F. For this reason, the bound contribution to R1 and R2 can often exceed the free 
contribution despite bound water comprising only a small percentage of the total pool of water. 
Finally, the observed transverse relaxation rate (R2) is dependent upon the time scale of chemical 
exchange between the two pools (τex) – a parameter that reflects the accessibility of the bound water 
sites and the Gibbs energy of binding.  
These considerations enable an analysis of the compressive behaviour of the sample. Given that 
water is effectively incompressible, compression of a hydrated sample requires that some of the water 
be expelled from the sample into the surrounding space. In other words, the mechanism of 
compression involves a decrease in the absolute volume of water contained in the sample, while the 
absolute amount of biopolymer remains unchanged. The biopolymer can be assumed to occupy 
approximately the same absolute volume after compression. Therefore, compression of a hydrated 
biomaterial leads to an increase in the volume fraction of the biopolymer and a reduction in the 
volume fraction of water, which in turn, leads to an increase in pB because the same number of water 
binding sites is available for a smaller amount of water.  Therefore, compression can be expected to 
 lead to an increase both in the observed R1 and the observed R2. This is indeed what was observed in 
the elastin sample studied: under 37% compression the mean R1 and R2 increased by 27% and 37%, 
respectively.  
However, the compression-induced changes in both R1 and R2 were not uniform across the sample. 
While the mean relaxation rates increased under compression, the contribution to this increase came 
primarily from the low-R regions of the respective histograms. Figure 3 displays a significant 
compression-induced right-shift of the low-R regions, but the high-R tails do not exhibit a similar 
shift.  
This point is illustrated in Fig. 4, which was constructed as follows. For a given spin relaxation 
rate map, the distribution of that relaxation rate was divided into 20 quantiles: i.e., the 5% of voxels 
exhibiting the largest relaxation rate were quantile 1; the 5% of voxels with the next-largest 
relaxation rate were quantile 2, and so on. For each quantile, the average relaxation rate was 
calculated (the “quantile-average” R1 or R2). The difference between a given quantile-average in the 
compressed sample and the average value for the same quantile in the uncompressed sample was then 
calculated. This difference is plotted in Fig. 4 versus the respective “uncompressed” quantile-average 
value. These plots demonstrate that the most significant compressive changes in the spin-relaxation 
rates (corresponding to the greatest local extent of compression) are associated with the regions 
exhibiting relatively low spin-relaxation rates in the uncompressed state (and therefore corresponding 
to the relatively low biopolymer content). We call this finding the “differential-compression model”.  
One potential pitfall of this analysis is that it is based on the comparison of histograms rather than 
a location-specific comparison of spin relaxation rates before and after compression. Consider two 
voxels, A and B, such that the relaxation rate in uncompressed voxel A is greater than that in 
uncompressed voxel B. In order to exclude the argument that compression does not necessarily 
preserve the order, we will conduct location-specific analysis, in which the compressive change in the 
relaxation rate will be correlated with the uncompressed relaxation rate  for a given location within 
the sample.  
It may be that the intrinsic bound relaxation rates, R1B and R2B, are themselves affected by 
compression. This is physically possible because compression can alter the conformation of 
Figure 4. Compression-induced changes in spin relaxation rates: (a) R2; (b) R1. The individial 
points are calculated for the 20 quantiles of the respective relaxation rate distributions, as 
described in text. The horizontal axis is the relaxation rate value in the uncompressed sample; the 
vertical axis is the compression-induced change in the relaxation rate. Note the well-defined 
negative relationship between the two quantities in the R2 plot; this relationship supports the 
differential-compression model.  
 biopolymeric chains and therefore their entropy and gyrational mobility. On this basis, compression 
has the capacity to alter the rotational correlation time of water molecules in the bound state and 
consequently R1B and R2B. This hypothesis is supported by molecular simulations and experimental 
evidence, which show that entropy of protein chains is a major contributor to the elasticity of elastin 
[8]. We hypothesise that the analysis of compression-induced changes in R1 and R2 may be the key to 
investigating compression-induced changes in the mobility of macromolecular elastin chains. This, in 
turn, would allow us to distinguish between a model of compression that only involves changes in the 
biopolymer content and a model where compression additionally affects the mobility of the 
biopolymer chains. By distinguishing between these two models, μMRI would provide valuable 
insights into the macromolecular basis of the biomechanical properties of elastin networks.    
Summary 
Magnetic Resonance microimaging is a valuable tool for the investigation of the microstructure of 
synthetic elastin. MRI-measured spin relaxation rates of water protons can serve as a useful tool for 
probing the molecular-level dynamics of hydration water and potentially the mobility of the polymer 
chains within the macromolecular elastin networks. This approach appears particularly valuable in 
the context of investigating the heterogeneous aspects of compressive behaviour of elastin.  
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